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1. Does this ECAR involve a 
Safety SSC? No Professional Engineer’s Stamp

N/A
See LWP-10010 for requirements.2.

Safety SSC 
Determination Document 
ID

X

3. Engineering Job (EJ) No. X

4. SSC ID X

5. Building X

6. Site Area X

7. Objective/Purpose:
Define action levels for Advanced Gas Reactor (AGR) AGR-5/6/7 experiment flow conditions, 
based on fission gas monitoring data of the Advanced Test Reactor (ATR) stack.

8. If revision, please state the reason and list sections and/or pages being affected:
Not applicable

9. Conclusions/Recommendations: 
Calculations and data are provided to support new measurement-based dose levels for 
management of the AGR-5/6/7 experiment. Limiting values for ATR stack activity are provided for 
isotopes that are most likely to increase in activity as a result of particle failures (Kr-87, Kr-88) or 
transients in the gas flow through the Capsule 1 (Xe-133). The criteria for single-day averages are 
based on the activity of each isotope that would be required for the total fission gas activity to reach 
a total dose of 0.0098 mrem/y if accumulated over 200 days. For Kr-87 and Kr-88, the activities are 
based on the fission gas release ratios calculated in physics simulations and measured during the 
AGR-5/6/7 experiment. For Xe-133, the criterion assumes that the fission gas release is dominated 
by long-lived isotopes, as was observed at the end of Cycle 166A. The net dose restriction is 
conservatively set at a factor of 10 below the current APAD (1) limit of 0.098 mrem/y. 

Proposed stack activity limits for Kr-87, Kr-88, and Xe-133, to ensure that the total annual dose 
would be less than 0.0098 mrem/y if operated at that level for 200 days, are provided below.

Parameter
Activity at Stack

(Ci/d)
Isotope Kr-87 Kr-88 Xe-133
Single-day average 5.1 6.0 32
5 points above in 24-hour period 25.5 30.1 161
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SCOPE AND BRIEF DESCRIPTION

This document describes the technical basis for setting action levels for handling of the Advanced Gas 
Reactor (AGR) AGR-5/6/7 experiment based on fission gas monitoring of the Advanced Test Reactor 
(ATR) stack. This includes:

! Demonstration that predictions of fission gas release have been consistent with predictions of that
behavior based on data from previous experiments, combined with statistical estimates of fuel 
fabrication defects in the AGR-5/6/7 fuel

! Calculations demonstrating the potential fission gas release if all fuel particles in AGR-5/6/7 
Capsule 1 were to begin releasing fission gas, at rates based on release rates observed in previous 
AGR experiments involving designed-to-fail fuel particles

! Calculations describing the activity of fission gas isotopes in the ATR stack that would yield a total 
dose of <0.0098 mrem at Frenchman’s Cabin, for a 200-day period at that release rate 

! Data from the ATR stack monitoring system measuring release rates of fission gases produced in 
the AGR -5/6/7, during periods of relatively low and high release 

! Measurements of the system particulate Iodine noble gas monitor demonstrating negligible 
emission of Cs-134, Cs-137, Sr-89, Sr-90, and I-131 in previous AGR experiments of design similar 
to AGR -5/6/7. 

TECHNICAL SOURCES

Calculations, and source documents, used in this analysis include the following:

! Release rates for the AGR-5/6/7 experiment:

∀ SAS Enterprise Guide project: “X:\SAS_Projects\NGNP\NDMAS Version 
2.0\AGR567\AGR567_Release_Analysis.egp”
– Inputs:

‒ Release-to-birth behavior of previous experiments (1)
‒ Calculated birth rates in the AGR-5/6/7 experiment (3)
‒ Calculated temperatures in the AGR-5/6/7 experiment (7)

! Calculated dose associated with fission gas releases:

∀ Excel spreadsheet: “AGR-567 Release Ci mRem 166A wide ECAR document.xlsx“
– Calculations incorporate:

‒ Decay during transport from the AGR-5/6/7 experiment to the ATR stack
‒ CAP 88 dose conversion factors for ATR stack releases.
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BACKGROUND DATA

The Air Permitting Applicability Determination (APAD; 1) approach to management of the AGR-5/6/7 
experiment is based on estimates that an annual dose of ~0.098 mrem/y would be reached if greater 
than 1% of the particles in Capsules 1 and 3 were to fail (~3,600 particles). Use of that datum as a 
management action relies on highly uncertain estimates of the number of failed particles within the 
experiment and dose rates of fission products for which emission from the AGR-5/6/7 experiment is 
negligible. This document recommends new action limits for the experiment based on monitoring of 
fission gases released from the experiment that are directly measured in both the AGR-5/6/7 fission 
product monitoring system (FPMS) and the ATR stack monitoring system.

The isotopes that drive the dose limit for the APAD (1) are Cs-134, Cs-137, Sr-89, Sr-90, and I-131.
Table 1 shows the estimated release from the experiment based on these assumptions.

Table 1. Threshold for radioisotope release to remain under 0.098 mrem/y from the AGR-5/6/7 APAD. 

Radionuclide
Release

(Ci/y)

Cs-134 7.59E−01

Cs-137 5.51E−01

I-131 6.92E+00

Sr-89 5.52E+00

Sr-90 4.51E−01

The AGR-3/4 experiment contained a total of approximately 90,000 particles in 48 compacts. Of these 
particles, 1,000 were “designed-to-fail” particles with exposed kernels that released fission gases 
continuously throughout the test (1). Table 2 shows data from the system particulate iodine noble gas 
monitor (SPING) from 2011 to 2018 (3) for the five isotopes presented in Table 1. The AGR-3/4 
experiment began on December 14, 2011, and ended on April 12, 2014. Therefore, calendar years 
2012 and 2013 are the two in which the experiment was in the reactor for the entire year. Table 2 also 
gives the SPING data expressed as a fraction of the activity limits from Table 1 for each respective 
isotope. For 2012 and 2013, the ratio of the measured SPING activities to the proposed AGR-5/6/7 
limits range from approximately 5E−7 to 1E−6 for all isotopes measured. While the AGR-5/6/7 release 
from Table 1 is predicted based on 3,600 particles and the inventory of U-235 in AGR-5/6/7 particles is 
about 30% higher compared to AGR-3/4, the data demonstrate that the release of these elements from 
the experiment to the stack is negligible. The release of Cs, Sr, and I isotopes from AGR-5/6/7 are thus 
considered a poor indicator of dose from the experiment. Fission gas monitoring, and activity levels
described in this analysis are suggested as more reliable measurement-based dose management 
criteria for the experiment, with continued monitoring of the SPING data for the isotopes described in 
the current APAD (1).
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Table 2. Total annual activity of several isotopes measured by ATR SPING in curies per year, and the 
activity expressed as a fraction of the limiting values in Table 1. The maximum and minimum values of 
the fractions for Years 2012 and 2013 are highlighted in gray.

Radionuclide

Activity Measured by SPING
(Ci/y)

2011 2012 2013 2014 2015 2016 2017 2018

Cs-134 NR NR NR NR NR NR 3.2E−07 NR

Cs-137 9.3E−07 7.9E−07 6.0E−07 2.7E−06 1.2E−06 7.6E−07 2.6E−07 NR

I-131 2.4E−06 3.8E−06 5.0E−06 4.9E−06 6.6E−07 1.2E−06 1.8E−06 2.2E−06
Sr-89 NR NR NR NR NR NR NR NR

Sr-90 6.0E−05 2.0E−07 3.6E−07 2.3E−07 1.1E−07 2.6E−07 1.2E−07 8.2E−08

Radionuclide

Activity as a Fraction of the AGR-5/6/7 APAD Limit

2011 2012 2013 2014 2015 2016 2017 2018
Cs-134 NR NR NR NR NR NR 4.2E−07 NR

Cs-137 1.7E−06 1.4E−06 1.1E−06 4.8E−06 2.2E−06 1.4E−06 4.6E−07 NR

I-131 3.4E−07 5.4E−07 7.3E−07 7.1E−07 9.5E−08 1.7E−07 2.6E−07 3.2E−07

Sr-89 NR NR NR NR NR NR NR NR
Sr-90 1.3E−04 4.4E−07 7.9E−07 5.0E−07 2.5E−07 5.9E−07 2.7E−07 1.8E−07

Max 1.4E−06

Min 4.4E−07
NR = Not recorded.

ASSUMPTIONS

Assumptions associated with calculations of fission gas activity associated with particle failures in the 
AGR-5/6/7 experiment are described in the referenced documents.  

COMPUTER CODE VALIDATION

A. Computer type: Dell desktop computer
B. Operating System and Version: Windows 10
C. Computer program names and revision: SAS Enterprise Guide, Microsoft Excel
D. Inputs and Outputs are described in the text
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E. Evidence of, or reference to, computer program validation:
! SAS Enterprise Guide project data manipulation was reviewed via:

∀ Examination of code used to query the Nuclear Data Management and Analysis System 
(NDMAS; 4) database, and other input files

∀ Comparison of data tables imported to the SAS Enterprise Guide Project with the source 
files

∀ Comparison with sample calculations performed using Mathcad (PTC)
! Microsoft Excel Calculations were reviewed via:

∀ Examination of cell-based equations

∀ Comparison with sample calculations performed using Mathcad (PTC)
F. Bases supporting application of the computer program to the specific physical problem:

! SAS Enterprise Guide is used to collect and organize time series data from disparate 
sources, and to access NQA-1 qualified data from NDMAS

! Excel is used for summation, averaging, and visualization of data collected from the SAS 
Enterprise Guide project (see Item E, first bullet).

DISCUSSION

Suggested criteria for management decisions regarding operation of the AGR-5/6/7 experiment are 
based on a combination of (a) calculations demonstrating the potential for fission gas releases from 
AGR-5/6/7 based on operating conditions and information from previous AGR experiments, and 
(b) real-time monitoring of fission gases in the ATR stack.

Calculations of Fission Gas Release Rates Based on Previous AGR Experiment Data 
and Current Operating Data

Continuous fission gas release rates from the AGR-5/6/7 experiment have been predicted using data 
collected from the previous AGR-1 and AGR-3/4 experiments and the calculated birth rates of fission 
gases in the AGR-5/6/7 experiment. The predicted values agree well with values measured during
monitoring of the experiment (see Figure 1 and Figure 2). This has been demonstrated for cycles up 
through ATR Cycle 164B as reported in Reference 5. Calculations performed for this analysis 
(Cycle 166A in Figure 1 and Figure 2) indicate that measured releases from Capsule 1 have increased 
significantly relative to predicted values, but were generally within an order of magnitude during the 
short periods where the capsule was operated with a relatively high flow rate (from approximately 
August 1 to August 15, 2019). In general, during periods of stable gas flow, where the fission gas 
release rates can be more reliably calculated, the measured release from Capsule 1 has been within a 
factor of five of the predicted values. These calculations are thus considered a reasonable means of 
estimating the effect of higher numbers of particle failures in the experiment, to provide bounds on likely 
fission gas release rates to the ATR stack for different fuel failure scenarios.
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Figure 1. Krypton gas isotope activities measured at the FPMS detector, compared to values calculated 
based on previous experimental data and statistics of fuel fabrication. Values for cycles prior to 
Cycle 166A are documented in Reference 5. Values for Cycle 166A were calculated as described in the 
text.
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Figure 2. Xenon gas isotopes activities measured at the FPMS detector, compared to values calculated 
based on previous experimental data and statistics of fuel fabrication. Values for cycles prior to 
Cycle 166A are documented in Reference 5. Values for Cycle 166A were calculated as described in the 
text.
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Release Rates Calculated from Release Rate/Birth Rate Ratios

To describe the potential effect of various particle failure scenarios on fission gas dose from ATR, 
release rates and consequent dose from the experiment were calculated based on the following 
information and assumptions:

! Fission gas birth rates were calculated using the methodology used for previous AGR experiments, 
as described in Reference 6.

! Capsule temperatures were calculated for Cycle 166A using the methodology described in 
Reference 7.

! Fission product release-to-birth ratios were calculated as described in Reference 5.

! Radioactive decay in piping between the experiment FPMS and the ATR stack was calculated 
assuming a residence time of 1.2 hours. The residence time is based on the maximum average, per
cycle, daily sweep gas flow (295 cm3 s-1) through the experiment and exit line volume of 21,500 cm3

(8).

! Activity to dose conversions provided in Reference 9 were based on calculations with the CAP-88, 
using the methodology described in Reference 10.

Results of two scenarios are used to inform decisions regarding the AGR-5/6/7 experiment:

! Assume failure of all fuel particles in Capsule 1, with resulting per-particle release to birth ratio 
determined for the AGR-3/4 experiment that was designed to measure that ratio. This provides a 
maximum release rate to be compared with the maximum dose.

! Calculate the number of fuel particle failures sufficient to produce a dose of 0.0098 mrem from the 
ATR stack.

Table 3 shows the total dose from release of fission gas in Capsule 1 for a particle fraction of 100%, 
calculated assuming 200 days of operation in a year. The corresponding activity of each isotope 
released from the capsule is given in the fourth column. The calculated values include the effect of 
decay during transport from the experiment to the ATR stack, so isotopes with relatively short half-lives, 
like Xe-135m (t1/2=15 min), are not significant contributors because their activity would be reduced by a 
factor of at least 25 due to decay. The sum of the dose from all isotopes is 0.057 mrem/y. A similar 
analysis is shown in the fifth and sixth columns assuming 17% particle failure in Capsule 1 (~53,000 
particles). The total dose is 0.0098 mrem/y, a factor of ~ten below the APAD (1) recommended limit of 
0.098 mrem/y.
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Table 3. Dose and activity contribution calculated for two different levels of particle failure in AGR-5/6/7 
Capsule 1. Isotopes contributing more than 5% of the total dose are highlighted in gray. 

Isotope
Half-life

(minutes)

100% Capsule-1 Particle 
Failure

17.1% Capsule-1 Particle 
Failure

Percent 
of Total

Dose
(mrem/y)

Activity
(Ci/d)

Dose
(mrem/y)

Activity
(Ci/d)

Kr-85m 268.80 8.2E-04 1.0E+01 1.4E-04 1.8E+00 1.4%

Kr-87 76.30 6.6E-03 3.0E+01 1.1E-03 5.1E+00 11.4%

Kr-88 170.40 4.7E-02 3.5E+01 8.1E-03 6.0E+00 82.4%
Kr-89 3.15 7.6E-10 9.5E-05 1.3E-10 1.6E-05 0.0%

Kr-90 0.54 0.0E+00 5.4E-38 0.0E+00 9.2E-39 0.0%

Xe-131m 17049.60 3.4E-08 6.1E-03 5.8E-09 1.0E-03 0.0%

Xe-133 7549.92 5.9E-05 2.7E+00 1.0E-05 4.6E-01 0.1%
Xe-135 548.40 1.8E-03 1.2E+01 3.1E-04 2.1E+00 3.2%

Xe-135m 15.29 1.0E-05 1.3E+00 1.8E-06 2.3E-01 0.0%

Xe-137 3.82 2.4E-09 8.4E-04 4.0E-10 1.4E-04 0.0%

Xe-138 14.08 8.1E-04 5.3E+00 1.4E-04 9.0E-01 1.4%
Xe-139 0.66 0.0E+00 8.6E-31 0.0E+00 1.5E-31 0.0%
Sum, all isotopes ∀ 5.7E-02 9.7E+01 9.80E-03 1.7E+01 100.0%

The dominant isotopes for dose are Kr-87 and Kr-88 (t1/2=1.3 hours and 2.8 hours, respectively). 
Longer-lived fission products, Xe-135 (t1/2=9 hrs.) and Xe-133 (t1/2=126 hours), while not significantly 
contributing to overall dose, are included in this analysis because intermittent flow through a capsule 
can cause large peaks in their activity, and those isotopes exhibited some of the most significant 
activity increases in the ATR stack at the end of Cycle 166A.

ATR Stack Monitoring Data

The ATR stack monitoring system provides data on the activity of fission gases emitted during reactor 
operations, including emissions from the AGR-5/6/7 experiment. Figure 3 shows activity levels at the 
ATR stack monitor (11) at the end of Cycle 166A for several isotopes (reported activities less than zero
were converted to a value of zero). These data include a 1-week period in which the AGR-5/6/7 
Capsule 1 exit line was closed (September 24 to September 30) and there was negligible activity 
detected in the capsule gross gamma detector. This region can be considered the background level 
seen in the stack during normal ATR operations. From September 30 to October 3 there was a 
significant increase in fission gas activity coming from Capsule 1 while the capsule was being purged 
with about 3 sccm of sweep gas. From October 3 to 12:00 PM on October 4, the Capsule 1 exit line 
was again closed. Finally, from 12:00 PM on October 4 to October 6 the Capsule 1 exit line valve was 
opened, allowing about 12 sccm of leadout flow to exit through the FPMS, causing the highest readings 
of the cycle on the Capsule 1 gross gamma detector and also in the ATR stack monitor.
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Figure 3. ATR stack activity levels for selected isotopes.
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Table 4 gives the average activity values for specific time periods for each isotope shown in Figure 3. It 
also repeats the daily released activity of each isotope that corresponds to a total dose (all isotopes) of 
0.0098 mrem/y and 0.12 mrem/y from Table 3.

Table 4. ATR stack monitor data (averages over specific periods) and corresponding activities that 
would result in the stated dose rates (from Table 3).

Parameter

Activity
(Ci/d)

Kr-87 Kr-88 Xe-133 Xe-135

Average 9/24–9/29 (background) 4.3E−02 2.7E−02 3.7E−02 6.4E−02

Average 10/3–10/4 (isolation) 4.6E−02 2.9E−02 1.8E−01 7.2E−02

Average 10/5 (highest day) 1.5E−01 7.6E−02 6.3E−01 2.9E−01

Peak 10/4–10/6 2.9E−01 5.4E−01 5.1E+00 3.5E−01

Activity to reach 0.0098 mrem/y 5.1E+00 6.0E+00 4.6E-01 2.1E+00

Activity to reach 0.057 mrem/y 
(100% failure in Capsule 1)

3.0E+01 3.5E+01 2.7E+00 1.2E+01

It can be observed from the Capsule 1 fission gas release data late in Cycle 166A that the measured 
activity of the longer-lived fission products (e.g., Xe-133 and Xe-135) increases to a greater extent 
relative to the shorter-lived fission products. It is believed that this is due to accumulation of these 
isotopes in the capsule when there is zero or insufficient flow to purge them for several days, followed 
by release of the stored activity when they are purged from the capsule over several hours to several 
days. Physics calculations and past behavior indicated that the high activity of these isotopes in the 
stack (relative to the calculated release from the capsule) is a temporary increase that would not be 
sustained over many days. To set limits on the release rate of Xe-133 that would result in isolation of 
Capsule 1, we therefore assume a scenario in which the ratios of isotopes reflects the behavior seen 
near the end of Cycle 166A (October 5), where fission gas release activity was dominated by the 
longer-lived isotopes. In that state, activities of Xe-133 and Xe-135 were similar, and Xe-133 activity 
was five to eight times greater than activities of Kr-87 and Kr-88 (Figure 3). Using Xe-133 as an 
indicator isotope for that mixture of Kr-87, Kr-88, Xe-133, and Xe-135, a Xe-133 release rate of 32
Ci/day would have to be sustained for 200 days to produce the suggested dose limit. 

Suggested Targets for ATR Stack Monitor Activity

Table 5 provides suggested limiting values for stack activity, for isotopes that are most likely to increase 
in activity as a result of particle failures (Kr-87, Kr-88) or transients in the gas flow through the Capsule 
1 (Xe-133). The criteria for single-day averages are based on the activity of each isotope that would be 
required for the total activity (all isotopes in Table 3) to reach a total dose of 0.0098 mrem/y if 
accumulated over 200 days. For Kr-87 and Kr-88, the activities are based on the fission gas release 
ratios calculated in physics simulations and measured during the AGR-5/6/7 experiment. For Xe-133, 
the criterion assumes that the fission gas release is dominated by long-lived isotopes, as was observed 
at the end of Cycle 166A. The net dose restriction is conservatively set at a factor of 10 below the 
current APAD (1) limit of 0.098 mrem/y. 
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The limit for temporary single-point excursions (a total of 5 points above this limit in a 24-hour period) in 
Table 5 is set at five times the single-day average value. If this condition is met, it would prompt a 
single-day average to be calculated to determine if the capsule should be isolated.

Table 5. Proposed stack activity limits for Kr-87, Kr-88, and Xe-133, to ensure that the total annual dose 
would be less than 0.0098 mrem/y if operated at that level for 200 days.

Parameter
Activity at Stack

(Ci/d)

Isotope Kr-87 Kr-88 Xe-133
Single-day average 5.1 6.0 32.2

5 points above in 24-hour period 25.5 30.1 161

While the specified criteria are determined based on 200-day release periods, the action levels are 
considerably more conservative than indicated by the 10-fold ratio to the air permitting limit, because 
these levels would result in isolation of the experiment (i.e., no more gas flowing in or out, essentially 
ceasing all fission gas release to the stack). The resulting annual dose would thus be much lower than 
the specified level of 0.0098 mrem, since the experiment would need to release these daily activities for 
200 days to achieve that dose.

Allowing Capsule 1 fission gas to diffuse into the leadout and be removed by the excess flow from the 
remaining capsules will result in a longer residence time prior to reaching the ATR stack. Assuming the 
highest average, per cycle, flow rate through the leadout of 52 cm3 min-1, the residence time would be 
on the order of 9 hours in the ~30-L leadout volume. That additional decay would eliminate most of the 
isotopic activity, except for that of Xe-133 and Xe-135. Comparing to Cycle 166A, this mode of 
operation would most closely resemble the period when the capsule was isolated from October 3 to 
12:00 PM on October 4.
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